Nineteen strains of Drosophila virilis from diverse geographic locations were examined by genetic and molecular analyses, revealing (a) 12 strains with a single copy of the urate oxidase (UO) gene per haploid genome and (b) 7 strains with a tandem duplication of the UO locus. The D. virilis strains with the UO duplication appear to have identical restriction maps of this region, implying either a single origin for the duplication or several similar events occurring at a hot spot. On the basis of the location of the duplication breakpoints and the restriction sites flanking these breakpoints, this duplication probably arose through nonhomologous recombination involving either a breakage and rejoining event or replication slippage. Because documented cases of intraspecific gene duplication polymorphism are rare, the D. virilis UO duplication will be useful in identifying the molecular event giving rise to a gene duplication.
Introduction
Gene duplications are a major force in molecular evolution. Once a gene has been duplicated, the subsequent relaxation of selection pressure on the redundant copy allows for the evolution of similar or new gene function (Ohno 1970) . Alternatively, either as a result of the recombinative event itself or with the accumulation of mutations, one gene copy may become a pseudogene. To explain the origins of particular gene duplications, three molecular mechanisms have been proposed: homologous but unequal recombination (Shen et al. 198 1; Barsh et al. 1983; Lehrman et al. 1985; Nicholls et al. 1987; Cross and Renkawitz 1990) , nonhomologous recombination involving chromosomal breakage and rejoining (Maeda et al. 1984; Bullock et al. 1985; Maroni et al. 1987; Murru et al. 1990) or replication slippage (Moritz and Brown 1987 ) , and RNA-mediated transposition (Jagadeeswaran et al. 198 1; Maeda and Smithies 1986; Wu et al. 1986; Finnegan 1989; Madsen et al. 1990 ). For many ancient duplications, the causative mechanisms remain speculative, since much of the DNA sequence at the site of the recombinative event has been randomized by mutation. The paucity of identified, naturally occurring, recent duplications has precluded analysis of the molecular mechanisms that account for the initial duplication event, that which yields the first copy of the original gene. As part of an interspecific study of the molecular features responsible for the regulation of the urate oxidase (UO) gene, we discovered that strains of Drosophila virilis, collected from many geographical locations, have either one copy of the UO gene per haploid genome or tandemly duplicated UO genes. UO, a peroxisomal enzyme, catalyzes the conversion of uric acid to allantoin ( Masters and Holmes 1977 ) . The amino acid sequence of this enzyme is highly conserved among plants, vertebrates, and invertebrates (Friedman et al. 1992) . Drosophila melanogaster UO protein has been purified to homogeneity (Friedman and Barker 1982; Kral et al. 1982) , and the D. melanogaster UO gene has been cloned and its molecular architecture has been defined (Kral et al. 1986; Wallrath et al. 1990; Wallrath 199 1) . The D. melanogaster UO gene has a 69-bp intron, a transcribed region of -1.2 kb, and a regulatory region that extends no farther than 826 bp 5' of the UO transcription start site (Wallrath et al. 1990; Wallrath 199 1; Friedman et al. 1992) .
The UO gene in D. melanogaster, D. pseudoobscura, and D. virilis is expressed exclusively in the main segment cells of the Malpighian tubules, the insect analogue of the kidney. However, the temporal pattern of UO gene expression differs in each of the three species. The D. melanogaster UO gene is expressed only in the thirdinstar-larval and adult stages (Friedman 1973) , while D. pseudoobscura UO mRNA and protein are detected only in the adult (Friedman et al. 1992) . Drosophila virilis strains with a single copy of UO per haploid genome have detectable UO mRNA and enzyme activity only in the third-instar larva ( Wallrath and Friedman 199 1) .
In this paper, we present genetic and molecular analyses of 19 wild-type strains of D. virilis, seven of which have a tandem duplication of the UO locus with indistinguishable restriction maps. Intraspecific gene duplication polymorphisms have been infrequently reported (Maroni et al. 1987; Takano et al. 1989; Lange et al. 1990; Symonds and Gibson 1992) and should prove valuable in discerning the molecular elements involved in the process of gene duplication.
Material and Methods

Drosophila virilis Strains
Drosophila virilis strains used in these analyses, as well as their collection histories, are listed in table 1. These 37 strains, from a wide geographic range, were collected by several researchers from as early as 19 16 to as recently as 1989. In our laboratory, D. virilis stocks are maintained at room temperature on a modified standard cornmeal media (Johnson 1983) .
Isolation of D. virilis UO Genomic Clones
UO genomic clones were isolated from a D. virilis EMBL3 library provided by Dr. Ron Blackman (University of Illinois). Approximately 360,000 lambda plaques from this library were screened with a D. melanogaster UO cDNA probe, cUO2 (Wallrath et al. 1990 ). The l,lOO-bp PstI restriction fragment from cUO2 was twice gelpurified from the vector pBR322 and was labeled with 32P according to the method of Feinberg and Vogelstein ( 1984) . Hybridization and wash conditions are described under Southern Analyses (below), except that the hybridization temperature was reduced from 42°C to 40°C and the wash temperature was reduced from 50°C to 40°C. Of 18 lambda genomic clones with positive hybridization signals, 6 were twice plaquepurified. Three overlapping D. virilis UO clones were isolated and further analyzed.
The inserts in two of these lambda D. virilis UO genomic clones (X8-2 and Xl 7-1) were restriction mapped and subcloned ( fig. 1 ). Restriction maps of -18 kb were constructed from single and double restriction-endonuclease digestions of D. virilis UO genomic DNA and genomic clones. Bender et al. ( 1983) . Genomic DNA was also prepared from individual D. virilis adults by scaling down this same procedure. In each of the pairwise crosses described in figures 2 and 3, a single fly with one copy of the UO gene per haploid genome was crossed with a single fly bearing the UO gene duplication. The F1 progeny were transferred to new vials and were allowed to mate freely. When F2 larvae were observed in the vial, the parents were removed and stored at -70°C until such time as total high-molecular-weight DNA was isolated for analysis. The upper restriction map is of an 1%kb cloned region containing the duplicated D. virilis UO genes derived from two overlapping genomic clones, X 17-1 and X8-2. The stippled rectangles denote the arms of the lambda vector. The restriction map at the bottom, derived from analyses of genomic DNA, is from strains with a single copy of the UO gene. In the middle map, UO coding regions are marked by thick lines, with arrows indicating the direction of transcription.
UO 1 = UO gene known to be within a 1,700-bp Hind111 restriction fragment; and U02 = UO gene copy found within a 1,900-bp Hind111 restriction fragment. A 320-bp HindIII/BgZII restriction fragment (H3BS) located immediately to the left of H 1, a 1,700-bp Hind111 restriction fragment (H 1) containing the UO 1 gene, a 480-bp Hind111 restriction fragment (HHL) located immediately to the right of UOl , and a 1, lOO-bp XhoI/SalI restriction fragment (XS) located between the UO 1 and U02 genes were used as probes of Southern blots and are indicated by hatched rectangles. Restriction enzymes used are BglII (B), EcoRI (R), Hind111 (H), MI (P), Sal1 (S), SpeI (Sp), andXho1 (X).
and Vogelstein 1984) and are indicated in figure 1. The hybridization solution contained 20 mg sheared salmon-sperm DNA/ml, 0.1 M Pipes, 0.8 M NaCl, 0.1% sarkosyl, 0.1% Ficoll, 0.1% PVP, 0.1% bovine serum albumin, 10% dextran sulfate, and 40% formamide.
Membranes were hybridized for 14-18 h at 42°C and then were washed in three changes of 2 X SSC (0.3 M NaCl, 0.03 Na3 citrate, pH 7.0)) 0.5% sarkosyl, and 0.02% sodium pyrophosphate at room temperature, followed by four 30-min washes at 50°C in 0.1 X SSC, 1% sarkosyl, and 0.02% sodium pyrophosphate. Southern blots were autoradiographed at -70°C with one screen for 2-5 d. To detect repetitive sequences in the region mapping upstream and downstream of the UO gene, reverse Southern hybridizations were performed according to a previously published protocol (Johnson et al. 1987 ).
Identification of UO Gene Copy Number
In those strains of D. virilis having the duplication of the UO gene, the two different Hind111 restriction fragments each containing a copy of UO are identified as "H 1," a 1,700-bp Hind111 restriction fragment ( fig. 1) ) and "H2," a 1,900-bp Hind111 restriction fragment. The number of copies of the UO gene present per haploid genome in each individual of the crosses described above and shown in figure 2 was determined by digesting, with HindIII, the DNA from single adults. The DNA was electrophoresed through a 1% agarose gel, transferred to a nylon membrane, Southern blotted, and probed with H 1 (see fig. 1 ), which is known to hybridize with equal intensity to H2.
The autoradiographic intensities of the resulting bands from a single fly were compared with one another (fig. 3) . A Betascope (model 603; Betagen) was used to quantify the relative amount of 32P present in each band. Single pair matings were made between those strains with only the 1,700-bp Hind111 fragment ("H 1," blackened rectangle) and those strains with both the 1,700-bp Hl and the 1,900-bp Hind111 fragment denoted "H2" (unbluckened rectangle). The F1 progeny from these crosses were allowed to mate, and DNA was analyzed from all three generations. Each model makes a set of predictions concerning UO copy number. A, Model 1. Some strains of D. virilis have only a single copy of the UO gene per haploid genome, and in others a duplication event in this region has produced a second copy of the UO gene. This model predicts that the F1 progeny would all have two copies of Hl and one copy of H2. The F2 progeny would be of three genotypes, observed in a 1:2: 1 ratio: those with two copies of H 1, those with two copies of H 1 and one copy of H2, and those with two copies each of Hl and H2. B, Model 2. All strains of D. virilis have a duplication for the UO gene; some strains contain two copies of the UO gene within Hind111 restriction fragments of identical size, making detection of the duplication difficult; in other strains, the duplicate copy is slightly larger and can be visualized on an agarose gel. This model also predicts that Fi progeny would be of one genotype, each with three copies of H 1 and one copy of H2. F2 progeny, also seen in a 1:2: 1 ratio, would be those with four copies of the H 1 fragment, those with three copies of H 1 and one copy of H2, and those with two copies each of H 1 and H2. fig. I ). Lane S, Molecular-weight size standards (in base pairs). Lane I, P, male, strain 1051.48. Lane 2, P, female, strain 1051.0. Lanes 3-5, F, progeny. Lanes 6-18, FZ produced when F, are allowed to freely mate. A Betascope was used to quantify the amounts ofradioactivity in each band, lo confirm that a ratio oftwo col)ies of H I to one copy ofH2 in the F, progeny, as proposed in model I, could be accurately distinguished from the predicted F, ratio of three copies of H I to one copy of HZ in model 2. Bottom, Betasco~ measurements [in counts per minute (CPM)], with the mean background reading of 593 CPM subtracted from each. Fa are of the three genotypes as outlined in fig. 2A and ap~ar in a 2~92 ratio, which is not significantly diKerent from the predicted I:2: I ratio UO gene (Km1 et al. 1986 ). Because both Hind111 fragments, HI and H2, hybridized to the D. melanogaster UO 5' and 3' probes, it was concluded that these fragments represented two tandemly duplicated copies of the D. virilis UO gene, oriented in the same direction, shown by arrows in figure 1. The two Hind111 restriction fragments containing the duplicated UO genes can be distinguished from one another by a 200-bp size difference-H1 being 1,700 bp and H2 being 1,900 bp. Drosophila C-ilk UOI, that copy of a UO gene contained in HI, has been sequenced (EMBL accession number X571 14), as have the D. melanogaster UO gene (EMBL accession number X51940; Wallrath et al. 1990 ) and the D. pseudoobscura UO gene (EMBL accession number X57 I 13; Friedman et al. 1992) .
Results
UO
Southern analyses of 37 stocks of D. virilis collected from various geographical locations indicated that not all strains have the duplicated UO locus. Of these 37 strains, 19 were examined in greater detail. The restriction maps of the UO region of these 19 D. C-ilk strains show that 7 have the UO tandem duplication while the other I2 have only a single copy of UO per haploid genome (see fig. 1 ). The detection of the additional UO copy was facilitated by the size difference ofthe UO gene-containing Hind111 fragments in the duplicated strains. It was formally possible, however, that the strains that appear to have only a single copy of the UO gene actually had a "cryptic" second copy contained within a Hind111 fragment of identical size ( 1,700 bp) . Thus, two explanations could be proposed. Some strains of D. virilis have a single UO gene per haploid genome (model 1; fig. 2A ), contained within a 1,700-bp Hind111 fragment, while other D. virilis strains have an additional copy of UO, contained in a 1,900-bp Hind111 fragment. An alternative explanation (model 2; fig. 2B ) is that all strains of D. virilis could have a duplicated UO locus, with some strains having the two UO genes within Hind111 restriction fragments of 1,700 bp. The other D. virilis strains have the two copies of the UO gene contained in Hind111 restriction fragments that differ in size by 200 bp-the 1,700-bp H 1 and the 1,900-bp H2 ( fig. 2) . To determine the actual UO gene copy number in different strains of D. virilis, single pair matings were made between those strains that have only the 1,700-bp UO Hind111 restriction fragment and those with both the 1,700-bp and the 1,900-bp UO Hind111 fragments. As diagrammed in figure 2, the two models give different results when DNA from single flies of each generation is digested with HindIII, Southern blotted, and probed with H 1 (fig. 1 ). The differing band intensities seen after autoradiography were used to estimate the number of copies of the UO gene present in the DNA in a particular lane. Figure 3 shows an autoradiograph obtained from one of the crosses performed as described in figure 2. To confirm both the visual inspection of the autoradiograph and the inference of UO copy number made from it, Southern blots were further analyzed with a Betascope (model 603), which measured the relative amount of radioactivity present in each band, permitting calculation of the ratio of HI gene copy number to H2 UO gene copy number. In each case except lane 18 of figure 3 (2.7: 1 ratio), the UO gene(s) was inherited in a pattern consistent with model 1. Those strains exhibiting only the 1,700-bp Hind111 fragment have a single copy of the UO gene per haploid genome, while those strains with both the 1,700-bp and the 1,900-bp Hind111 restriction fragments have a duplicated UO locus.
Extent of the UO Duplication
To determine the approximate size of the duplicated UO region, restriction fragments located between the UO copies that are also found either upstream of UOl or downstream of U02 were identified. This was accomplished by Southern analyses in which digests of cloned and genomic DNA were hybridized separately to probes from the intergenic region and from the region upstream of UO 1 ( fig. 1) . Restriction fragment H3BS ( fig. 1 ) , from the region immediately upstream of UO 1, did not hybridize to any other fragments from this 18-kb region ( fig. 4A ). However, probe HHL, from the region downstream of UOl, hybridized to a Hind111 fragment of identical size downstream of and abutting H2 (fig. 4) . Genomic Southern blots, probed with XS, a l,lOO-bp fragment located downstream of UOl, indicated that this fragment also hybridizes to the XhoI/SalI fragment located to the right of H2 (data not shown). These three non-UO-containing probes -H3BS, HHL, and XS-hybridized to genomic DNA from D. virilis strains having only a single copy of the UO gene and detected restriction fragments of the expected size (data not shown). Taken together with the restriction map, these data indicate that the sequence between the two UO copies in those D. virilis strains bearing the duplication is composed of DNA originally found downstream of the UO gene. Because virtually all of the sequence upstream of the D. virilis U02 protein coding region is derived from 3' UO flanking DNA, the recombination event must have occurred very close to and to the left of the sequence that would encode the amino terminus of the U02 protein (see fig. 4C ). 
Discussion
In some strains of Drosophila virilis, there is a tandem duplication of the UO gene. Each UO copy is located within a Hind111 restriction fragment of slightly different size, HI being a 1,700-bp Hind111 fragment containing UO I and H2 being a 1,900-bp Hind111 fragment containing U02. Both of the UO gene copies are oriented in the same direction. Restriction digests and Southern analyses have shown that the duplication is -5,600
bp in size, with the breakpoints of the duplication mapping immediately upstream of the U02 protein coding region, as shown in figure 1 . The 3,000 bp of DNA between HI and H2 are composed of sequence found 3' of the UO gene in strains with only a single copy of UO; that is, there appears to be no DNA sequence upstream of the UO 1 transcribed region that is also present upstream of U02. DNA sequence analysis of the entire UO region will precisely determine the location of the breakpoints.
For D. melanogaster it had been previously determined, on the basis of P-element transformation of a UO-1acZ fusion gene, that 826 bp of 5' UO flanking DNA and the first 350 bp of the UO transcribed region were sufficient to confer a wild-type UO pattern of expression on the UO-1acZ fusion gene ( Wallrath et al. 1990; Wallrath 199 1; Friedman et al. 1992) . The similarities in the restriction maps of the D. virilis strains used in this study, as well as the fact that the duplication is in some (but not all) of the strains analyzed, suggest that the UO gene duplication may be a recent event. Hence the D. virilis UO gene is likely to be a good biological system for the study of molecular events giving rise to tandem duplications.
Of the three mechanisms generally proposed to account for gene duplications-( 1) homologous but unequal crossing-over, (2) nonhomologous recombination, and ( 3 ) RNA-mediated transposition -the latter is least likely to be the origin of the UO duplication.
RNA-mediated events would not be expected to duplicate nontranscribed sequences flanking the gene and would seldom yield a tandem duplication (Maeda and Smithies 1986; Wu et al. 1986; Finnegan 1989; Madsen et al. 1990 ).
The more probable mechanism for the UO duplication is either paralogous (homologous but unequal) recombination or nonhomologous breakage and reunion, two molecular events that are experimentally distinguishable.
It has been shown that the misalignment of repetitive sequences can provide sufficient similarity for unequal recombination, and, when such an event takes place, the gamete would bear a duplication or a deletion of the DNA found between the repeated elements (Jagadeeswaran et al. 1982; Barsh et al. 1983; Davis et al. 1987; Lehrman et al. 1987; Finnegan 1989; Hu et al. 199 1) . If paralogous recombination has taken place, then sequence analysis would reveal areas of similarity on either side of the duplication, as well as in the region between the gene copies (Shen et al. 198 1; Barsh et al. 1983; Cross and Renkawitz 1990) . Naturally occurring deletions that are proposed to have arisen from a paralogous exchange have also been reported (Lehrman et al. 1985; Nicholls et al. 1987) .
If the D. virilis UO gene duplication could have arisen either through nonhomologous recombination involving a breakage and reunion event, in which broken homologous chromosomes are joined to one another, or through replication slippage involving mispairing during replication (Moritz and Brown 1987) , then one would expect no sequence similarity in the region for alignment prior to recombination. The sequences immediately to the right and left of the junction point would correspond to sequences found upstream and downstream, respectively, of the duplicated region (Maeda et al. 1984; Bullock et al. 1985; Maroni et al. 1987; Murru et al. 1990 ).
Both restriction mapping of the region in and around the D. virilis UO genes and the subsequent Southern hybridization experiments indicate no extensive similarities that could be construed as sequence involved in a paralogous recombination event. It appears that the UO gene duplication observed in some D. virilis strains is the result of nonhomologous breaking and rejoining of the chromosome. The sequence of the sites of the recombination event should provide insight into the origin and age of the D. virilis UO gene duplication, as well as an explanation for the -200-bp size difference between Hl and H2.
